In both humans and animals, an insult to the brain can lead, after a variable latent period, to the appearance of spontaneous epileptic seizures that persist for life. The underlying processes, collectively referred to as epileptogenesis, include multiple structural and functional neuronal alterations. We have identified the T-type Ca 2ϩ channel Ca v 3.2 as a central player in epileptogenesis. We show that a transient and selective upregulation of Ca v 3.2 subunits on the mRNA and protein levels after status epilepticus causes an increase in cellular T-type Ca 2ϩ currents and a transitional increase in intrinsic burst firing. These functional changes are absent in mice lacking Ca v 3.2 subunits. Intriguingly, the development of neuropathological hallmarks of chronic epilepsy, such as subfield-specific neuron loss in the hippocampal formation and mossy fiber sprouting, was virtually completely absent in Ca v 3.2 Ϫ/Ϫ mice. In addition, the appearance of spontaneous seizures was dramatically reduced in these mice. Together, these data establish transcriptional induction of Ca v 3.2 as a critical step in epileptogenesis and neuronal vulnerability.
Introduction
A single episode of status epilepticus (SE) can trigger epileptogenesis (i.e., a progressive structural and functional neuronal reorganization associated with the emergence of recurrent unprovoked seizures). Epileptogenesis is accompanied by many changes in synaptic function [synaptic plasticity (McNamara, 1999) ] and in passive and active membrane properties of neurons [intrinsic plasticity Beck and Yaari, 2008) ]. Synaptic plasticity primarily involves persistent changes in network connectivity, neurotransmitter release, and expression of postsynaptic receptors. Intrinsic plasticity comprises long-term changes in the expression and activity of voltage-and Ca 2ϩ -gated ion channels that generate electrical signals.
One of the most striking examples of intrinsic plasticity in SE-triggered epileptogenesis is the conversion of hippocampal pyramidal neurons from regular firing, which is the predominant spiking mode in normal conditions (Jensen et al., 1994; , to burst firing a few days after SE (Sanabria et al., 2001 ).
Many of these neurons burst-fire in response to threshold depolarizations or even spontaneously. Consequently, synaptic excitation of these neurons elicits a greatly amplified spike output (Su et al., 2002) . Furthermore, the spontaneously bursting pyramidal cells act as pacemakers of spontaneous, interictal-like population bursts, recruiting the entire CA1 population of pyramidal cells, nonbursters and bursters alike, into synchronized discharge (Sanabria et al., 2001) . Detailed pharmacological experiments have suggested that aberrant bursting after SE is caused mainly by an upregulation of T-type Ca 2ϩ channels in the apical dendrites (Su et al., 2002; Yaari et al., 2007) .
Although the dramatic changes in hippocampal neuronal and network function resulting directly from the SE-induced upregulation of T-type Ca 2ϩ channels are potentially epileptogenic, their unique contribution to the multifaceted process of epileptogenesis is difficult to assess. We have set out to examine this issue using mice deficient for Ca v 3.2 subunits. We show that Ca v 3.2 mRNA and protein levels are transiently augmented after SE, with a concomitant increase in T-type Ca 2ϩ currents and intrinsic burst firing. Preventing these changes by genetic deletion of Ca v 3.2 subunits obviates the neuropathological damage that normally develops during epileptogenesis. Moreover, the emergence of spontaneous seizures is markedly attenuated. These results indicate that transcriptional upregulation of Ca v 3.2 is a critical step in SE-triggered epileptogenesis.
Materials and Methods
Animals and induction of chronic epilepsy. Mice and rats were housed under a 12 h light/dark cycle with food and water ad libitum. Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ male mice (Ն60 d old; weight, Ͼ20 g) (Chen et al., 2003) istry. Neuronal densities within the pyramidal cell and dentate granule cell layers of the hippocampus (see Fig. 5) were determined in at least two H&E-stained sections of the ventral hippocampus per animal by an investigator blinded to the experimental group. We verified that this quantification accurately reports neuronal cell densities by performing a series of quantifications in sections immunolabeled with a monoclonal antibody directed against NeuN (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material) (Blümcke et al., 2001 ) and H&E-stained sections. No quantitative differences between these methods were observed. For Ca v 3.2 immunostaining, slices were air dried on Superfrost glass slides (Menzel) for 30 min, fixated in 4% paraformaldehyde (PFA)/PBS, pH 7.4, at room temperature for 10 min, and washed. All washing steps were performed twice for 5 min in PBS at room temperature. After washing, slides were subjected to a citric acid antigen retrieval procedure, followed by a 20 min incubation in 1% hydrogen peroxide in PBS to inhibit endogenous peroxidase activity. Subsequently, brain sections were blocked for 2 h at 37°C in PBS blocking buffer [10% fetal calf serum (FCS), 3% nonfat dry milk, 1% normal goat serum in PBS] to inhibit nonspecific antibody binding. To identify Ca v 3.2-labeled neurons, sections were incubated overnight at room temperature with a rabbit polyclonal antibody against Ca v 3.2 (Alamone Labs), diluted 1:150 in PBS blocking buffer including 10% FCS. After washing, slides were covered with a biotinylated secondary anti-rabbit antibody (Vector Laboratories), diluted 1:200 in PBS including 10% FCS and incubated for 2 h at 37°C. Slides were again washed and incubated with avidin-biotin complex (Vector Laboratories), diluted 1:150 in PBS including 10% FCS for 2 h at 37°C. After washing, labeling was visualized by diaminobenzidine (DAB) application [0.05 M Tris/HCl, pH 7.4, with DAB (1:50) and H 2 O 2 (1:2000)], followed by hematoxylin staining as a routine counterstain. The immunolabeling experiments, as well as the immunoblotting experiments (see below), were performed in the rat. The antibody used in this study, in our hands, yielded satisfactory labeling in the rat but not in mice. This may be attributable to the fact that the antibody was raised to an epitope corresponding to residues 581-595 of the rat Ca v 3.2 protein, which is different from the mouse Ca v 3.2 protein. Because we could not test specificity of the antibody using Ca v 3.2 null mice, we performed a negative control as follows. A peptide with the amino acid sequence CHVEGPQERARVAHS corresponding to residues 581-595 of the rat Ca v 3.2 protein (0.01 g/l) was added during the incubation step with the polyclonal antibody against Ca v 3.2. In these experiments, staining with the Ca v 3.2 antibody only revealed robust immunolabeling (labeled with Ϫ in supplemental Fig. 2C , available at www.jneurosci.org as supplemental material), which was absent when sections were coincubated with the control antigen (labeled with ϩ in supplemental Fig. 2C , available at www.jneurosci.org as supplemental material).
All digital images were captured with an Axiocam (Zeiss) and Axiovision software (Zeiss). For confocal image analysis, tissue blocks were freshly prepared as described above, fixed overnight in 4% PFA/PBS, and sectioned at 10 m. Double labeling was performed simultaneously. Therefore, immunohistochemistry with a primary antibody against Ca v 3.2 was performed as described above. Furthermore, we used primary monoclonal antibodies against MAP2 (1:200; Millipore Bioscience Research Reagents) and parvalbumin (1:2000; Sigma-Aldrich) with the same procedure described above. Secondary detection was performed by Rhodamine Red X-conjugated goat anti-rabbit Cy3-conjugated, and accordingly, goat anti-mouse FITC-conjugated antibodies (both 1:400; Jackson ImmunoResearch). For Timm's stain, hippocampal 400 m slices were sequentially incubated in 0.1% sodium sulfide for 10 min, 0.3% glutaraldehyde (Roth) in 0.15 M phosphate buffer (Merck) for 10 min, 70% ethanol for at least 1 d, and 30% sucrose in 0.15 M phosphate buffer overnight at 4°C. The 400 m slices were then cut at 20 m on a cryostat. After rinsing in 0.15 M phosphate buffer, mounted sections were incubated in developing solution for 30 -50 min and counterstained for semiquantitative assessment of mossy fiber sprouting by assessing supragranular neo-Timm staining modified from Mello et al. (1993) . In this study, the severity of mossy fiber sprouting was classified into four degrees: 0, no staining; 1, mild patchy staining; 2, moderate continuous staining; 3, very intense staining throughout the entire septotemporal axis of the hippocampal formation. We modified this approach by counting Timm granules in digital images captured with an Axiocam (Zeiss) and Axiovision software (Zeiss). These counts were normalized to the corresponding area of the field of view and binned into four bins corresponding to an increasing severity of mossy fiber sprouting (see Fig. 7B ) (bins corresponding to 0, 1-10, 10 -20, and Ͼ20 granules per 2500 m 2 ). This distribution was then tested between groups with a 2 test. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling. To assess DNA fragmentation, sections were pretreated with proteinase K (10 g/ml; Sigma) for 30 min at 37°C and incubated with terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) reaction mixture containing terminal deoxynucleotidyl transferase and tetramethylrhodamine red-labeled nucleotides (Roche) for 1 h at 37°C. Several sections were then washed with PBS, pH 7.4, for 15 min and costained with 4Ј,6-diamidino-2-phenylindole (DAPI; 1 mg/ml; Sigma) solution for 5 min at room temperature, followed by additional washes with PBS. Sections were then coverslipped in fluorescein mounting medium (Vectashield; Vector Laboratories) and analyzed under a fluorescence microscope (Zeiss). Virtual counting areas were placed within the hippocampal dentate gyrus, in the CA1 and CA3 pyramidal sections, and in the cortex and hilus region of Ca v 3.2 Ϫ/Ϫ and Ca v 3.2 ϩ/ϩ mice (n ϭ 5 each for 2 and 10 d after SE), and TUNEL-positive as well as TUNEL-negative cells were counted in each area to assess the percentage of TUNEL-positive neuronal cells.
Fluoro-Jade C staining. We performed Fluoro-Jade C (FJ-C) immunostaining to mark degenerating neurons following a protocol as described in detail previously (Ló pez-Gallardo et al., 2008) . Paraffin sections were deparaffinized in xylene two times for 10 min. Slides were then covered with 96% ethanol for 4 min, rinsed for 2 min in 70% ethanol, and rinsed for 2 min in distilled water. To label all nuclei and assure visual observation of nuclear morphology, DNA-binding fluorescent dye DAPI (Sigma-Aldrich) was added to the staining solution. The final DAPI concentration was 0.0002%. After the incubation, the slides were rinsed through three changes of distilled water for 1 min per change. Then, they were incubated in 0.06% potassium permanganate solution in distilled water for 10 min. Slides were rinsed twice in distilled water and incubated for 10 min in the staining solution consistent with a 0.0001% solution of FJ-C (Millipore Bioscience Research Reagents International) dissolved in 0.1% acetic acid. The staining solution was prepared from a 0.01% stock solution of the dye in distilled water, which was stored at 4°C until used. After the incubation, the slides were rinsed through three changes of distilled water for 1 min per change. Excess of water was drained onto a paper towel, and the slides were air dried on a slide warmer at 50°C for 5 min. The slides were then cleared in xylene for at least 1 min and coverslipped with DPX (Serva) nonfluorescent mounting medium.
Image acquisition and analysis. Sections were analyzed with a confocal laser-scanning microscope (Leica TCS NT) equipped with an argonkrypton laser, and images with different dyes (FITC and Cy3) were acquired sequentially. For FITC, the following filters and laser lines were used: excitation, 488 nm; dichroic, 488/568 nm; emission bandpass, 530/30 nm. For Cy3, the following were used: excitation, 568 nm; dichroic, 488/568 nm; long pass, 590 nm. Images were acquired with a 40ϫ objective (Leica), and the pinhole was set to 1 Airy unit. Laser power, detector gain, and offset were adjusted such that in the final scan (four to eight averages) only a few pixels had zero values or were saturated. Typically, detector gain and offset were set to ϳ70% and ϳ6 digital units, respectively.
Human embryonic kidney cell culture and Western blot analysis. The following stably transfected human embryonic kidney 293 (HEK-293) cell lines were used in this study: h␣1G-Q39, containing the human ␣1G channel Ca v 3.1a (GenBank accession number AF190860) (Cribbs et al., 2000) ; hh8 -5, containing the Hh8 plasmid construct of human ␣1H, Ca v 3.2a (GenBank accession number AF051946) (Cribbs et al., 1998) ; Lt9 -8, containing the LT9 plasmid construct of ␣1I, Ca v 3.3b (GenBank accession number AF393329) (Gomora et al., 2002) . For Western blot analysis, cells were washed in ice-cold PBS, detached from the plates, and centrifuged for 1 min at 4°C. The pellet in PBS/10 mM EDTA was homogenized by ultrasound, and the protein concentration was determined. Samples were diluted with Laemmli sample buffer (Bio-Rad) and heated at 95°C for 3 min. Protein bands were separated on a 7% (w/v) SDS-PAGE gel and transferred to a nitrocellulose membrane. The membrane was blocked for 1 h at room temperature (5% nonfat dry milk plus 5% normal horse serum). This was followed by a 1 h incubation of an antibody against Ca v 3.2 (1:200; Alamone Labs) and subsequently another 1 h incubation with a secondary anti-rabbit antibody (1:5000) in TBS-T (20 mM Tris, 0.8% NaCl, 0.1% Tween 20). Enhanced chemiluminescence solution was applied for 1 min on the membranes, and after drying the film was developed.
For Western blots in rat brain tissue, the CA1 pyramidal cell layer of the hippocampus (n ϭ 5 sham-controls vs n ϭ 5 at day 5 after SE) was microdissected and homogenized in PBS with 10 mM EDTA and protease inhibitors (Roche). The protein concentration was determined by a nanodrop photometer (Thermo Fisher Scientific). Samples were diluted with Laemmli sample buffer and heated at 37°C for 3 min. A 150 g protein sample was loaded on each lane, separated on a 7% (w/v) SDS-PAGE gel, and transferred to a nitrocellulose membrane. The membrane was blocked for 1 h at room temperature (5% nonfat dry milk plus 5% normal horse serum), followed by a 1 h incubation with an antibody against Ca v 3.2 (1:200; Alamone Labs) and subsequently another 1 h incubation with a secondary anti-antibody against rabbit fluorescently labeled with IRDye 680 (1:5000; LI-COR) in TBS-T. Immunoblots were imaged with the LI-COR Odyssey and quantified with AIDA evaluation software (Raytest).
Real-time reverse transcription-PCR. CA1 regions were microdissected from hippocampal slices (400 m), and mRNA was isolated with a Dynabeads mRNA Direct Micro kit (Dynal Biotech) according to the manufacturer's protocol. Ca 2ϩ channel subunit transcript quantification was performed by real-time reverse transcription (RT)-PCR (PRISM 7700; PE Biosystems). Primers for Ca 2ϩ channel subunits and synaptophysin were designed with Primer Express software (PE Biosystems) (supplemental Table 1 , available at www.jneurosci.org as supplemental material). No significant homology of the amplicon sequences with other previously characterized genes has been found searching GenBank databases by the BLASTN program. Relative quantification of the starting mRNA copy numbers using multiple replicates for each reaction was performed according to the ⌬⌬C t method (Fink et al., 1998) . The signal threshold was set within the exponential phase of the reaction for determination of the threshold cycle (C t ). Synaptophysin was used as an endogenous, neuron-specific reference gene, because it does not show expression changes at early (1-3 d, 5 d, and 10 d; data not shown; n ϭ 5 each) or late (Chen et al., 2001 ) stages after pilocarpine-induced SE. Relative quantification started from 5.0 -10.0 ng of mRNA. Real-time RT-PCR was performed in a 12.5 l reaction volume containing 6.25 l of SYBR Green PCR Master Mix (Invitrogen), 0.375 l of forward and reverse primers (10 pmol/ml) shown in supplemental Table 1 (available at www.jneurosci.org as supplemental material), 3.0 l of DEPC-H 2 O, and cDNA dissolved in 2.5 l of DEPC-H 2 O. Reactions were performed at least in duplicates. After preincubation for 10 min at 95°C, we performed 50 PCR cycles (20 s at 94°C followed by 30 s at 59°C and 40 s at 72°C). The SYBR Green fluorescence signal was measured in each cycle.
Preparation of hippocampal slices. For all experiments, animals were perfused through the heart with ice-cold, sucrose-based artificial CSF (sucrose-ACSF) containing (in mM) 56 NaCl, 100 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 30 NaHCO 3 , 1 CaCl 2 , 5 MgCl 2 , and 20 glucose (95% O 2 /5% CO 2 ) under deep anesthesia with ketamine (100 mg/kg; Pfizer) and xylazine (15 mg/kg; Bayer). After complete perfusion, mice were decapitated, the brain was quickly removed, and 300-or 400-m-thick transverse hippocampal slices were made with a Vibratome (MICROM or Leica VT1000S), as required, and gradually warmed to 30°C over 30 min in a storage chamber perfused with sucrose-ACSF [identical to the one above but with 26 mM NaHCO 3 and 60 mM NaCl (95% CO 2 /5% O 2 )]. Slices were then transferred to a holding chamber and equilibrated at room temperature (21°C) for at least 30 min with ACSF containing (in mM) 125 NaCl, 3.5 KCl, 1.25 NaH 2 PO 4 , 2 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , and 15 glucose, pH 7.4 (305 mOsm).
Sharp microelectrode recordings. For intracellular recordings, 400-mthick hippocampal slices were placed in an interface chamber (33.5°C) and perfused with oxygenated ACSF containing (in mM) 124 NaCl, 3.5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 15 D-glucose. In experiments in which Ni 2ϩ was added to the ACSF, NaH 2 PO 4 was omitted. Intracellular recordings were obtained using sharp glass microelectrodes containing 4 M K ϩ -acetate (90 -110 M⍀). An active bridge circuit in the amplifier (Axoclamp 2B; Molecular Devices) allowed simultaneous injection of current and measurement of membrane potential. The signals were filtered on-line at 10 kHz, digitized at a sampling rate of 100 kHz, and stored on hard disk (pClamp; Molecular Devices). Measurements of passive membrane characteristics in current-clamp experiments were performed as reported previously (Sanabria et al., 2001 ). Cells were classified as intrinsically bursting or regular firing based on their discharge behavior to brief and long depolarizing current injections. Burst-firing neurons responded to either brief or long threshold current injection with an all-or-none burst response. Burst responses consisted of a series of at least three action potentials at high frequency (50 -120 Hz) riding on a depolarizing envelope. Regular-firing neurons responded with a single spike to brief and a series of independent action potentials to long current injections. The size of the spike afterdepolarization (ADP) was determined by measuring the area under the ADP starting from the beginning of the fast afterhyperpolarization to 30 ms after the end of brief current injections. This delivers a value that incorporates both active and passive portions of the ADP . To evaluate the magnitude of the active portion of the ADP, we first estimated the contribution of passive components by obtaining voltage responses to subthreshold current injections of identical duration. These passive voltage responses were scaled so that the passive charging trace for the subthreshold current injection was superimposed to the one for the suprathreshold stimulus. The corresponding area approximates the passive response of the neuron and was subtracted from the total ADP area, yielding the active component of the ADP.
Patch-clamp recordings. For patch-clamp recordings in the slice preparation, 300 m hippocampal slices were placed in a submerged recording chamber (21-24°C) and continuously perfused (2.5 ml min Ϫ1 ) with oxygenated ACSF containing (in mM) 20 TEA-Cl, 115 Namethanesulfonate, 3.5 KCl, 10 N-2-hydroxyethylpiperazine-NЈ-2-ethane sulfonic acid (HEPES), 2 CaCl 2 , 2 MgCl 2 , 4 4-aminopyridine, and 25 glucose, pH 7.4 (osmolarity, 300 mOsm). For recordings of T-type Ca 2ϩ channels, -conotoxin GVIA (2 M), -conotoxin MVIIC (3 M), -agatoxin GIVA (200 nM), and nifedipine (10 M) were added to block high-threshold Ca 2ϩ channels. Pyramidal cells in the CA1 field were visualized at 60ϫ magnification with Dodt-Gradient-Contrast optics (Luigs and Neumann) using a Zeiss Axioskop microscope and an infrared video camera (Till Photonics). Recording patch pipettes (2-4 M⍀) were pulled from borosilicate glass on a vertical puller (Narishige). Pipettes were filled with an intracellular solution containing (in mM) 105 Cs-methanesulfonate, 20 TEA-Cl, 10 HEPES, 5 EGTA, 2 MgCl 2 , 2 CaCl 2 , 25 sucrose, 4 Na 2 -ATP, and 0.3 GTP, pH 7.4. Tight-seal whole-cell recordings were obtained using a patch-clamp amplifier (Axopatch 200A; Molecular Devices). The signals were collected on-line as described above. Series resistance compensation was used to improve the voltageclamp control (60 -85%) so that the maximal residual voltage error did not exceed 5 mV. A liquid junction potential of 14 mV was calculated between the intracellular and extracellular solutions and corrected. T-type Ca 2ϩ current amplitude was determined from slow inward tail currents as described previously 
Results

Ca v 3.2 mRNA is selectively upregulated in CA1 after SE
We first examined the expression of pore-forming ␣ 1 Ca 2ϩ channel subunits (Ertel et al., 2000) in CA1 of mice at various time points after pilocarpine-induced SE using real-time RT-PCR (Fig. 1) . Of the three ␣ 1 subunits that give rise to T-type Ca 2ϩ channels [Ca v 3.1, Ca v 3.2, and Ca v 3.3 (Perez-Reyes, 2003)], only the Ca v 3.2 mRNA was significantly increased 2 d (1.8-fold; n ϭ 5) and 3 d (1.5-fold; n ϭ 4) after SE in compared with sham-control littermates ( Fig. 1 A-C) ( p Ͻ 0.05, Mann-Whitney U test). This upregulation was transient, because it had returned to control values within 10 d after SE (Fig. 1 B) . The mRNA abundance of the Ca v 2.3 subunit, which encodes R-type Ca 2ϩ currents , was unaltered (Fig. 1 D) . Moreover, Ca v 1.1, Ca v 1.2, Ca v 2.1, and Ca v 2.2 subunit mRNAs, corresponding to N-, P/Q-, and L-type Ca 2ϩ channels (Ertel et al., 2000) , were unchanged after SE at any of these time points (data not shown; n ϭ 5 for all groups). We also analyzed the expression of the accessory ␤ 1-3 and ␣ 2 ␦ subunits (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), which modify biophysical and pharmacological properties of most ␣ 1 subunits (Arikkath and Campbell, 2003) . We observed a transiently increased mRNA expression of ␤ 1 and ␤ 2 subunits after SE (n ϭ 5 for all groups; p Ͻ 0.05, Mann-Whitney U test) (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). In contrast, the expression of ␤ 3 subunits was significantly reduced at late stages (n ϭ 8 and 9 for sham-control and SEexperienced mice, respectively; p ϭ 0.046, Mann-Whitney U test) (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). The expression of ␣ 2 ␦ subunits was unchanged by SE (n ϭ 5) (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). We replicated these experiments in rats and found again that Ca v 3.2 mRNA is transiently upregulated in CA1 (4.1-fold upregulation on day 3 after SE; n ϭ 15 and 10 for sham-control and SE-experienced rats, respectively; p ϭ 0.012, Mann-Whitney U test) (Fig. 1 E) . These results show a surprisingly selective pattern of transcriptional regulation for Ca 2ϩ channel ␣ 1 subunits in the CA1 region in the first days after SE, with an upregulation only of Ca v 3.2 subunits.
Ca v 3.2 protein is upregulated in apical dendrites of CA1 pyramidal cells after SE
We next examined whether the upregulation of Ca v 3.2 mRNA is associated with enhanced expression of Ca v 3.2 protein in apical dendrites of rat CA1 pyramidal cells. To this end, we performed double immunostaining for Ca v 3.2 and MAP2. The Ca v 3.2 antibody we used was raised against amino acid residues 581-595 of the rat Ca v 3.2 protein. The specificity of the Ca v 3.2 antibody was verified immunohistochemically by using a peptide control (supplemental Fig. 2C , available at www.jneurosci.org as supplemental material) (see Materials and Methods for description) and in immunoblotting experiments using HEK cells stably overexpressing Ca v 3.1, Ca v 3.2, or Ca v 3.3 (Fig. 1G) . Five days after pilocarpine-induced SE, Western blot analysis revealed a 4.6-fold increase in Ca v 3.2 protein in CA1 compared with controls ( Fig.  1 H) (control, 0.010 Ϯ 0.009 SEM; SE, 0.046 Ϯ 0.014 SEM relative protein expression normalized to synaptophysin; n ϭ 5 each; p Ͻ 0.05, Mann-Whitney U test). In addition, Ca v 3.2 immunostaining in MAP2-positive dendrites was markedly increased (Fig. 1 F, middle panels; red, Ca v 3.2; green, MAP2) compared with shamcontrol animals ( Fig. 1 F, top panels) (n ϭ 4). In keeping with the transient nature of the mRNA upregulation, the increase in Ca v 3.2 protein was absent at late stages after SE (30 d) (Fig. 1F, bottom  panels) . It should be noted that the pronounced neuronal cell loss we observed at late time points after SE (see Fig. 5 ) may contribute to the reduction in Ca v 3.2 staining 30 d after SE. We also noted a transient loss of MAP2 immunoreactivity in dendrites. This may be attributable to epitope blocking by the induction of the immediate-early gene Arc after SE (Fujimoto et al., 2004) .
As described previously (McKay et al., 2006) , we found expression of Ca v 3.2 also in somata and some proximal processes of interneurons. Virtually all of the Ca v 3.2-expressing interneurons were found to be parvalbumin positive (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). Staining in parvalbumin-immunoreactive interneurons did not appear to be altered after SE and did not contribute to the Ca v 3.2 immunolabeling in the stratum radiatum after SE. Ca v 3.2-expressing dendrites in this subfield lacked expression of parvalbumin (supplementary Fig. 2 B, available at www.jneurosci.org as supplemental material). The upregulation of Ca v 3.2 protein was not seen in the dentate gyrus (supplemental Fig. 2 A, (Fig. 2 A) . Highthreshold N-, P/Q-, and L-type currents were blocked with the organic Ca 2ϩ channel blockers -conotoxin GVIA (2 M), -conotoxin MVIIC (3 M), -agatoxin GIVA (200 nM), and nifedipine (10 M). Under these conditions, depolarizing steps to subthreshold potentials (Ϫ43 mV) elicited inactivating inward currents in all experimental groups (Fig. 2 A, (Fig. 2 B) . As described previously for rats (Su et al., 2002) , tail currents mediated by T-type Ca 2ϩ channels were significantly augmented in the SEexperienced (n ϭ 10) versus sham-control (n ϭ 5) Ca v 3.2 ϩ/ϩ mice (2.2-fold and 1.8-fold increase for voltage steps to Ϫ43 and Ϫ33 mV, respectively; p ϭ 0.024 for both comparisons, Mann-Whitney U test) (Fig.  2C,D) . In contrast, SE did not induce upregulation of these currents in Ca v 3.2 Ϫ/Ϫ mice ( Fig. 2 B-D) , confirming that the upregulation is caused by augmented expression of Ca v 3.2.
The expression of all pore-forming and accessory Ca v subunits was also analyzed in SE-experienced Ca v 3.2 Ϫ/Ϫ mice. The pattern of subunit regulation was very similar to that observed in Ca v 3.2 ϩ/ϩ mice, with no changes in any of the pore-forming subunits at any time point (2, 10, and 50 d after SE; n Ͼ 5 for all groups). The only significant regulation observed was for accessory subunits, with an upregu- lation of ␤ 1 and ␤ 2 subunits (n Ͼ 5 for all groups) (supplemental Fig. 3 (Fig.  2C,D) , indicating some form of compensation by other T-type Ca 2ϩ channel subunits. This compensation was not transcriptional, because the levels of Ca v 3.1, Ca v 3.3, or Ca v 2.3 mRNA in the two groups of mice were the same.
Ca v 3.2 upregulation induces a transient switch from regular to burst firing
We next examined the consequences of SE-induced upregulation of Ca v 3.2 for the intrinsic discharge behavior of CA1 pyramidal cells. To this end, we used intracellular recordings with sharp microelectrodes and elicited action potentials with depolarizing current injections. In shamcontrol Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice examined 7-15 d (12.4 Ϯ 0.7 d) after treatment (Fig. 3Aa 1 -a 3 ,Ba 1 -a 3 ) , all neurons generated a single spike to brief stimuli (a 3 ) and trains of independent spikes to long stimuli (a 1 ,a 2 ) (nine neurons from five mice). Therefore, they were classified as regular-firing cells (Fig. 3D) [see Sanabria et al. (2001) and Materials and Methods]. In contrast, in SE-experienced Ca v 3.2 ϩ/ϩ mice similarly examined 7-15 d (11.3 Ϯ 1.2 d) after SE, ϳ70% of the neurons exhibited a burst of action potentials as their threshold response to brief (Fig.  3Ab 3 ) or prolonged (six of nine neurons from six mice) current injections (Fig.  3Ab 2 , leftmost bars) ( p Ͻ 0.00001, 2 test). In SE-experienced Ca v 3.2 Ϫ/Ϫ mice, however, the incidence of burst firing was ϳ14% (11.4 Ϯ 0.4 d after SE; one of seven neurons from four mice) (Fig. 3Bb 1 -b 3 , representative example). These data are summarized in Figure 3D (rightmost bars).
Given the transient upregulation of Ca v 3.2 after SE, we tested whether aberrant bursting is maintained in Ca v 3.2 ϩ/ϩ mice long after SE. Burst firing was only rarely observed in neurons examined 20 -53 d after SE (ϳ6%, 1 of 17 neurons from 12 mice) (Fig. 3C,  compare a, b) and never in sham-control Ca v 3.2 ϩ/ϩ mice (seven neurons from six mice) (summary in Fig. 3E ). In Ca v 3.2 Ϫ/Ϫ mice, no bursting CA1 neurons were observed either in the sham-control (10 neurons from four mice) or in the SE-experienced (five neurons from three mice) group (summary in Fig. 3E) .
In CA1 pyramidal cells, an increase in the propensity for bursting is associated with an increase in the magnitude of the graded spike ADP (Su et al., 2002; Yaari et al., 2007) . Indeed, spike ADPs were larger in SE-experienced Ca v 3.2 ϩ/ϩ mice at the first days after SE (103 Ϯ 27.6 mV ⅐ s; n ϭ 7) compared with sham-control mice (34.3 Ϯ 8.0 mV ⅐ s; n ϭ 8; p Ͻ 0.05, MannWhitney U test). This increase was no longer detected 20 -53 d after SE. In Ca v 3.2 Ϫ/Ϫ mice, spike ADPs were not significantly increased at any time point after SE. These data are consistent with the appearance of burst firing only in Ca v 3.2 ϩ/ϩ neurons at an early time point after SE. The passive membrane properties of CA1 pyramidal cells were not significantly different between sham-control and SE-experienced animals, although there was a trend for action potential thresholds to be more hyperpolarized in SE-experienced mice (supplemental Table 2 , available at www.jneurosci.org as supplemental material). , as previously found in rats (Su et al., 2002; Yaari et al., 2007) . Indeed, application of 100 M Ni 2ϩ to bursting CA1 neurons converted them to regular-firing neurons (Fig. 3Fa 1 ,b 1 ) . As expected, Ni 2ϩ also substantially reduced the spike ADP underlying the burst discharge (Fig. 3Fa 2 ,b 2 , superimposed in c) (n ϭ 4; ADP area reduction from 61.9 Ϯ 17.2 to 34.0 Ϯ 5.5 mV ⅐ s).
Pilocarpine-induced SE is comparable in Ca v 3.2
؉/؉ and Ca v 3.2 ؊/؊ mice A potential pitfall in the interpretation of the data described above is that pilocarpine-induced SE in Ca v 3.2 Ϫ/Ϫ mice could be milder than in Ca v 3.2 ϩ/ϩ mice. We addressed this issue by comparing the acute EEG and behavioral changes evoked by pilocarpine in the two groups of mice. The EEG was recorded telemetrically using electrodes implanted at least 1 week before induction of SE to allow a prolonged period of baseline EEG recordings (Fig. 4 A) . No differences were observed in baseline EEG recordings between Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice (n ϭ 5 for both groups) (Fig. 4 A, leftmost panels) . Application of pilocarpine first caused isolated electrographic seizures depicted as increases in the band power in the gamma range in representative Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice (Fig. 4 B) Ϫ/Ϫ mice were observed with respect to the relative increase in band power during SE for any frequency band (Fig. 4C) . The duration of SE was also not different. It was quantified as the time during which band power was increased to Ͼ10% of maximal values. This quantification was performed for theta to gamma bands and did not reveal a difference between the two groups for any frequency band (Fig. 4 E) . We also quantified the latency to the first seizure (at least stage III; see Materials and Methods) After termination of SE with diazepam, activity was substantially decreased but was still increased relative to pre-SE baseline (Fig. 4 B) . To exclude that residual activity after diazepam injection is altered in Cav3.2 Ϫ/Ϫ mice, we also analyzed electrographic activity from the diazepam injection up to 24 h after the injection. When average band power over this time period was compared between Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice, the activity levels were also similar (Fig.  4D) . These results indicate that deletion of Ca v 3.2 Ϫ/Ϫ does not alter the intensity of electrographic seizure activity experienced after pilocarpine injection.
SE-induced neuronal cell loss is absent in Ca v 3.2
؊/؊ mice One hallmark of SE-induced epileptogenesis is the development of subfield-specific neuronal cell loss and axonal reorganization in the hippocampal formation. These neuropathological changes resemble those described in human temporal lobe epilepsy (TLE) with Ammon's horn sclerosis (Wyler et al., 1992; Blümcke et al., 1999; Wieser, 2004) . In Ca v 3.2 ϩ/ϩ mice, SE caused progressive pyramidal cell loss in the CA1 and CA3 subfields. No neuron loss was evident in sections obtained 2 d after SE (Fig. 5A) , whereas it was extensive in sections obtained 50 d after SE (Fig. 5B) . The progressive neuron loss in CA1 and CA3 subfields are quantified in Figure 5 , C and D (top panels). Although less remarkable, granule cell loss in the dentate gyrus was also observed in Ca v 3.2 ϩ/ϩ mice after SE (Fig. 5E, top) (n ϭ 7-8; sham-control animals, n ϭ 6 -8). In marked contrast, SE caused no substantial neuronal loss in hippocampi of Ca v 3.2 Ϫ/Ϫ mice (Fig. 5 A, B , right panels, C-E, bottom panels) (n ϭ 5-8 mice per group). In addition, we analyzed neuronal loss in the dentate hilus 50 d after SE. The number of ; p ϭ 0.16; n ϭ 5 for all groups). In the temporal neocortex, the entorhinal cortex, and the ventral subiculum, however, no significant neuronal cell loss was present in either Ca v 3.2 ϩ/ϩ or Ca v 3.2 Ϫ/Ϫ mice ( Fig. 5F ) (n ϭ 5 for all groups). These data show that deleting Ca v 3.2 confers virtually complete hippocampal neuroprotection after SE.
These results raise the possibility that the upregulation of Ca v 3.2 and associated bursting early after SE play a causative role in neuronal cell death. Alternatively, however, neuronal death may be triggered by Ca 2ϩ influx through Ca v 3.2 channels during the initial SE independent of Ca v 3.2 upregulation at day 3 after SE (Fig. 1) . The latter hypothesis predicts that in the first 2 d after SE (i.e., before the emergence of Ca v 3.2-dependent bursting), signs of early apoptotic degeneration should be more pronounced in Ca v 3.2 ϩ/ϩ mice than in Ca v 3.2 Ϫ/Ϫ . We have therefore examined apoptotic degeneration 2 d after SE (Fig. 6 , Table 1 ) using TUNEL staining (see Materials and Methods). In sham-control animals of either genotype, no TUNELpositive cells were detected (data not shown). On day 2 after SE, both Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice (n ϭ 5 animals for all groups) showed a significant number of TUNEL-positive neurons (Fig. 6 A, magnified micrographs of the CA1 pyramidal cell layer and dentate granule cell layer in Fig. 6 B; quantification in Table 1 ). No significant differences in TUNEL-positive cell numbers after SE were detected between the two groups. We also assessed neuronal damage at the same time point using Fluoro-Jade staining. In shamcontrol animals, no Fluoro-Jade-positive neurons were seen (data not shown). On day 2 after SE, both Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice (n ϭ 5 animals for all groups) showed Fluoro-Jade-positive neurons. As with the TUNEL staining, there was no significant difference in the amount of Fluoro-Jade-positive neurons when comparing both genotypes (Fig. 6C , magnified micrographs of the CA1 pyramidal cell layer and dentate gyrus; quantification in Table 1 ).
These results suggest that neuronal cell loss is not triggered by Ca 2ϩ influx through Ca v 3.2 channels during or early after SE. Rather, they favor the hypothesis that neuronal cell loss is causatively linked to Ca v 3.2 upregulation.
Mossy fiber sprouting is absent in Ca v 3.2 ؊/؊ mice Sprouting of mossy fibers into the supragranular layer of the dentate gyrus is another hallmark of experimental and human TLE (Houser, 1992; Cavazos et al., 2003) . In Ca v 3.2 ϩ/ϩ mice, mossy fiber sprouting monitored by Timm staining (see Materials and Methods) developed gradually after SE. No sprouting was observed at day 2 after SE (data not shown). Sparse Timm granules were observed at 10 d after SE, and prominent staining was seen 50 d after SE (Fig. 7A , compare left top and bottom panels; see insets for a magnification of the dentate gyrus molecular layer). In contrast, mossy fiber sprouting after SE was strongly reduced in Ca v 3.2 Ϫ/Ϫ compared with Ca v 3.2 ϩ/ϩ mice (Fig. 7A , 50 d after SE, compare right top and bottom panels and insets). A semiquantitative analysis of Timm granules in the inner molecular layer according to a quantification system modified from Mello et al. (1993) (Fig. 7B, right) . At earlier stages, supragranular neo-Timm staining was less pronounced overall, but even then the degree of sprouting was reduced in SEexperienced Ca v 3.2 Ϫ/Ϫ mice after SE (Fig.  7B , left) (n Ն 7). In all sham-control animals, the molecular layer of the dentate gyrus was completely devoid of Timm staining.
Development of chronic seizures is strongly reduced in Ca v 3.2
؊/؊ mice Given the striking neuroprotection observed in Ca v 3.2 Ϫ/Ϫ mice, we tested whether deletion of Ca v 3.2 subunits retards the development of chronic epilepsy. To this end, we performed long-term telemetric EEG/video monitoring to determine the frequency and severity of spontaneous epileptic seizures in mice 9 -26 d after SE (representative examples of EEG from sham-control animals and of interictal EEG in SE-experienced animals as indicated) (Fig. 8 A) . During long-term EEG recordings, spontaneous seizures were observed in all SE-experienced Ca v 3.2 ϩ/ϩ mice (n ϭ 7), with an increase in spontaneous stage III/IV seizures (see Materials and Methods) over time after SE (Fig. 8 B, representative EEG recordings of seizures, C, quantification of seizure frequency, black bars). Spontaneous seizures also occurred in most (five of seven) SE-experienced Ca v 3.2 Ϫ/Ϫ mice but were substantially less frequent (Fig. 8 B, (Fig. 8 D) . The duration of individual seizure episodes (Fig. 8 E) , as well as the average amplitude of the EEG activity during the seizures (Fig. 8 F) , was not significantly different when comparing SE-experienced Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice. We also examined the interictal EEG in SEexperienced Ca v 3.2 ϩ/ϩ and Ca v 3.2 Ϫ/Ϫ mice and noted the occurrence of EEG polyspikes (see Materials and Methods for definition) in both groups (Fig. 8 A, G) . However, they occurred significantly more often in SE-experienced Ca v 3.2 ϩ/ϩ compared with Ca v 3.2 Ϫ/Ϫ mice (Ca v 3.2 ϩ/ϩ : 95 Ϯ 21 spikes per hour, n ϭ 7; Ca v 3.2 Ϫ/Ϫ : 27 Ϯ 6 spikes per hour, n ϭ 6; *p Ͻ 0.05, t test; spikes quantified in animals between days 12 and 14 after SE; one Ca v 3.2 Ϫ/Ϫ mouse rejected as outlier; criteria for rejecting as an outlier were that the spike number was outside of a range defined by the mean spike number Ϯ2 times the SD including the putative outlier). Thus, deletion of Ca v 3.2 not only prevented the neuropathological sequelae of SE in the hippocampus but also dramatically attenuated the development of chronic epilepsy.
Discussion
Here we show that SE causes a transient transcriptional upregulation of Ca v 3.2 channels, producing an increase in T-type Ca 2ϩ currents, which in turn transforms CA1 pyramidal neurons from regular to burst firing mode. Genetic deletion of Ca v 3.2 prevents this form of intrinsic plasticity, protects against SE-induced neuropathological hippocampal damage, and ameliorates the development of chronic epilepsy. These data are consistent with the view that Ca v 3.2 upregulation and associated bursting is a key early event in epileptogenesis.
The time course of the molecular and functional changes we observed are in line with this idea. We found that the SEinduced upregulation of Ca v 3.2 at the mRNA and protein levels and the emergence of Ca v 3.2-dependent bursting occurred within a few days after SE. Moreover, these changes were transient, reversing within 1 month after SE. Thus, changes in Ca v 3.2 precede the onset of spontaneous seizures in our model, which occurred at Ն12 d after SE. It should be noted that we previously described an upregulation of intrinsic burst firing in rats after SE, without a detailed analysis of different time points after SE [2-6 weeks after SE (Sanabria et al., 2001 ) and 6 -40 d after SE (Su et al., 2002) ]. Reanalysis of these data also revealed a peak of bursting behavior early after SE, with a subsequent decline. However, in contrast to the present study, bursting neurons were also observed at longer intervals after SE (Y. Yaari, unpublished data) . This more prolonged time course may be attributable to the threefold longer SE used to induce epileptogenesis (120 min instead of 40 min in the present study), or to species differences.
The presence of burst firing in our model exclusively at early time points after SE and not at later stages also suggests that Ca v 3.2-dependent changes in intrinsic excitability do not contribute directly to the neuronal hyperexcitability observed at the chronic stage of epileptogenesis. This conclusion is consistent with the finding that chronic seizures in the pilocarpine model are not suppressed by application of ethosuximide (Leite and Cavalheiro, 1995) , which blocks T-type Ca 2ϩ channels including Ca v 3.2 (Gomora et al., 2001) .
How could Ca v 3.2 upregulation and associated bursting be linked to the subsequent emergence of spontaneous seizures? The conversion of CA1 neurons from regular to burst firing may trigger a number of persistent changes in neuronal functional properties. First, the likelihood for the expression of synaptic longterm potentiation is enhanced at synaptic pathways terminating on bursting neurons (Thomas et al., 1998; Pike et al., 1999) . Therefore, the upregulation of Ca v 3.2-dependent bursting, in conjunction with the augmented T-type Ca 2ϩ currents and Ca 2ϩ Figure 7 . Mossy fiber sprouting after SE is substantially attenuated in Ca v 3.2 Ϫ/Ϫ mice. A, Mossy fiber sprouting is visualized by Timm staining. SE-experienced Ca v 3.2 ϩ/ϩ mice display mossy fiber sprouting with an increased density of Timm-stained terminals in the supragranular layer, whereas sham-control mice did not (left; higher magnification in insets). In contrast, SE-induced mossy fiber sprouting is virtually absent in SE-experienced Ca v 3.2 Ϫ/Ϫ mice (right; higher magnification in insets; scale bar in right bottom inset is for all insets). B, Assessment of the severity of mossy fiber sprouting with a semiquantitative measure (see Materials and Methods) (Mello et al., 1993) 40.6 ± 4.6 (9) 43.1 ± 4.9 (9) 57.1 ± 5.6 (6) 52.8 ± 5.0 (7)
V m (mV) -73.7 ± 0.9 (9) -71.7 ± 1.4 (9) -72.1 ± 1.0 (6) -69.1 ± 1.0(7) t m (ms) 9.1 ± 0.9 (9) 12.9 ± 1.2 (9) 11.6 ± 3.3 (6) 8.5 ± 0.6 (7)
AP threshold (mV) -53.1 ± 3.0 (9) -57.9 ± 1.7 (9) -51.3 ± 2.6 (6) -55.1 ± 2.8 ( t m (ms) 12.6 ± 3.0 (7) 9.9 ± 1.2 (17) 14.1 ± 1.3 (10) 9.2 ± 1.8 (5)
AP threshold (mV) -52.8 ± 1.4 (7) -50.9 ± 1.8 (17) -52.8 ± 3.6 (10) -52.1 ± 3.2 (5)
